An experimental study of interaction in a collaborative desktop virtual environment is described. The aim of the experiment was to investigate if added haptic force feedback in such an environment affects perceived virtual presence, perceived social presence, perceived task performance, and task performance. A between-group design was employed, where seven pairs of subjects used an interface with graphic representation of the environment, audio connection, and haptic force feedback. Seven other pairs of subjects used an interface without haptic force feedback, but with identical features otherwise. The PHANToM, a one-point haptic device, was used for the haptic force feedback, and a program especially developed for the purpose provided the virtual environment. The program enables for two individuals placed in different locations to simultaneously feel and manipulate dynamic objects in a shared desktop virtual environment. Results show that haptic force feedback significantly improves task performance, perceived task performance, and perceived virtual presence in the collaborative distributed environment. The results suggest that haptic force feedback increases perceived social presence, but the difference is not significant.
INTRODUCTION
The modalities supported in distributed meetings, such as vision, hearing, and touch, influence the process of communication and collaboration between people. It has been argued that media that support different modalities vary in their capacity to carry data that is rich in information [Katz and Tushman 1978; Short et al. 1976; Daft and Lengel 1986; Rice 1993] . People who use technology are aware of this fact and therefore prefer to solve collaborative tasks that are equivocal and emotionally complex either in face-to-face meetings or in a sufficiently rich medium. Technological advances make it possible to meet in socially rich distributed environments through three-dimensional collaborative virtual environments, audio, and video. As a result, concerns about the degree of reality and presence in those distributed environments have been raised. But the variables that affect this perception of reality and presence are so many that a complete categorization would be hard to perform. A comparison of a sample of representative applications can only illustrate the impact on perceived appropriateness of each medium and the effects of supporting different modalities. Researchers have started to recognize the need to combine methods in order to understand more fully the concept of presence. Held and Durlach [1992] stress the importance of studies of the relations between the subjective and objective measures of presence.
The modalities most often supported by media are vision and hearing, whereas the touch modality has mostly been neglected. Therefore it is interesting to investigate what role the touch modality has in mediated interaction. Does it support social interaction, improve task performance, or increase perceived presence in distributed meetings? These are questions that are examined in this experimental study.
BACKGROUND
Researchers from different areas have defined the concept of presence in different ways and measured the extent to which people perceive a sense of togetherness in mediated interaction, or that they are present in a mediated environment. Two areas of research that have defined the concept of presence are the telecommunications area where social presence theory was formulated [Short et al. 1976 ] and the research area concerned with interaction in three-dimensional virtual reality [Hendrix and Barfield 1996; Slater and Wilbur 1997; Witmer and Singer 1998 ].
Social Presence Theory
Social presence refers to the feeling of being socially present with another person at a remote location. Social presence theory [Short et al. 1976] evolved through research on efficiency and satisfaction in the use of different telecommunication media. Social presence is conceived by Short et al. [1976] to be a subjective quality of a medium. Social presence varies between different media. It affects the nature of the interaction, and it interacts with the purpose of the interaction to influence the medium chosen by the individual who wishes to communicate. This implies that users are more or less aware of the degree of social presence of a medium and choose to use a medium that they perceive to be appropriate for a given task or purpose. Short et al. [1976] regard social presence as a single dimension which represents a cognitive synthesis of several factors such as capacity to transmit information about tone of voice, gestures, facial expression, direction of looking, posture, touch, and nonverbal cues as they are perceived by the individual to be present in the medium. These factors affect the level of presence that is defined to be the extent to which a medium is perceived as sociable, warm, sensitive, personal, or intimate when it is used to interact with other people.
Presence Defined in the Area of Virtual Reality
In the area of virtual reality, one aim is to generate an experience of being in a computer-generated environment that feels realistic. Presence is here defined as a state of consciousness, the psychological state of being there [Slater and Wilbur 1997; Hendrix and Barfield 1996] . Witmer and Singer [1998] define presence as the subjective experience of being in one place or environment, even when one is physically situated in another. Applied to teleoperations, presence is the sensation of being at the remote work site rather than at the operator's control station. Applied to a virtual environment, presence refers to experiencing the computer-generated environment rather than the actual physical locale.
Two psychological concepts are of interest when presence is defined as "being there," and those are involvement and immersion [Witmer and Singer 1998 ]. People experience a varying degree of involvement when focusing their attention on a set of stimuli or events, depending on the extent to which they perceive them to be significant or meaningful. As users focus more attention on the virtual reality stimuli, they become more involved in the virtual reality experience, which leads to an increased sense of presence.
According to Witmer and Singer [1998] , immersion depends on the extent to which the continuous stream of stimuli and experiences that a virtual environment provides make people feel included in and able to interact with the environment. Factors which affect immersion include isolation from the physical environment, perception of self-inclusion in the virtual environment, natural modes of interaction and control, and perception of self-movement.
Physiology of Touch
The perception of touch is complicated in nature. The human touch system consists of various skin receptors, receptors connected to muscles and tendons, nerve fibres that transmit the touch signals to the touch center of the brain, as well as the control system for moving the body. Different receptors are sensitive to different types of stimuli. There are receptors sensitive to pressure, stretch of skin, location, vibration, temperature, and Supporting Presence in Collaborative Environments • pain. Contrary to what one might think, there does not seem to be one receptor type for sensing pressure, another for sensing vibration, and so forth. Rather, the different receptors react to more than one stimulus type [Burdea 1996 ].
The skin on different parts of the body is differentially sensitive to touch. The ability to localize stimulation on the skin depends on the density of the receptors, which are especially dense in the hands and face. Moreover, a great deal of information provided by the kinesthetic system is used for force and motor control. The kinesthetic system enables force control and the control of body postures and motion. The kinesthetic system is closely linked with the proprioceptic system, which gives us the ability to sense the position of our body and limbs. Receptors (Ruffini and Pacinian corpuscles, and free nerve endings) connected to muscles and tendons provide the positional information.
Haptic Sensing and Touch Displays
Haptic sensing is defined as the use of motor behaviors in combination with touch to identify objects [Appelle 1991 ]. Many of the touch displays that have been developed in recent years use one-point haptic interaction with the virtual world. The effect is somewhat like tracing the outline of an object with your index finger in a thimble or holding a pen and recognizing it through this information alone. The only skin receptors affected by the display are those that are in contact with the pen or thimble. Haptic information is not primarily intended for the skin receptors of the human tactile system. However, it is impossible to separate the systems completely. The skin receptors provide pressure and vibration information present also in a haptic system. But it is the movement, the involvement of the kinesthetic and proprioceptic system, that provides the information necessary to the perception of the model as an object. Tracing the outline of a virtual object will eventually give the user some notion of the shape of the object.
Touch interfaces also include tactile interfaces, and usually a distinction is made between haptic and tactile interfaces. The tactile interface is an interface that provides information more specifically for the skin receptors, and thus does not necessarily require movement (motor behavior). An example of a tactile display is the braille display.
As yet, no single touch display can provide feedback that is perceived by the user as real. In specialized applications, where touch realism is important, tactile augmentation can be used. While in a virtual reality environment provided by a head-mounted display, subjects touch real instead of virtual objects [Hoffman et al. 1998 ]. The user then more or less believes that the object they are touching is a virtual one.
Supporting Touch in Interfaces
The results in one study on the effect of haptic force feedback indicate shortened task completion times when the task was to put a peg in a hole simulating assembly work [Gupta et al. 1997 ]. Also, Hasser et al. [1998] showed that the addition of force feedback to a computer mouse improved targeting performance and decreased targeting errors.
In another study the subject's performance was improved significantly when the task consisted of drawing in an interface [Hurmuzlu et al. 1998 ]. Sjöström and Rassmus-Gröhn [1999] have shown that haptic feedback supports navigation in and usage of computer interfaces for blind people. However, the studies did not investigate collaborative performance but single human-computer interaction.
In one study subjects were asked to play a collaborative game in virtual environments with one of the experimenters who was an "expert" player. The players could feel objects in the common environment. They were asked to move a ring on a wire in collaboration with each other such that contact between the wire and the ring was minimized or avoided. Results from this study indicate that haptic communication could enhance perceived "togetherness" and improve task performance in pairs working together [Basdogan et al. 1998; Durlach and Slater 1998 ]. Finally, one study shows, that if people have the opportunity to "feel" the interface they are collaborating in, they manipulate the interface faster and more precisely [Ishii et al. 1994 ].
RESEARCH QUESTIONS
The main aim of this study was to test the hypothesis that a threedimensional collaborative desktop virtual environment supporting the touch modality will increase the perceived virtual presence, perceived social presence, and perceived task performance as well as improve task performance.
Hypotheses
(H1) Haptic force feedback improves task performance.
(H2) Haptic force feedback increases perceived performance.
(H3) Haptic force feedback increases perceived virtual presence.
(H4) Haptic force feedback increases perceived social presence.
METHOD

Experimental Design
In this experimental study a between-group design was used. The independent variable in the experiment was the collaborative desktop interface with two conditions, one three-dimensional visual/audio/haptic interface and one three-dimensional visual/audio interface. The variable feature was haptic force feedback. The dependent variables were three subjective measures: perceived virtual presence, perceived social presence, perceived task performance, as well as one objective measure: task performance. The
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• subjective measures were obtained through questionnaires. The objective measure of task performance was obtained by measuring the time required to perform tasks. The subjects performed five collaborative tasks. The subjects were placed in different locations.
Independent Variable
The independent variable in this experiment was the distributed collaborative desktop virtual interface. In the test condition including haptic feedback the subjects received force feedback from dynamic objects, static walls, and the other person in the collaborative environment. The subjects could also hold on to each other.
In the condition without haptic feedback, the subjects did not receive any haptic force feedback. Instead, the haptic device functioned as a 3D-mouse. Furthermore, the subjects could not hold on to each other in the condition without haptic feedback.
Dependent Variables
4.3.1 Task Performance. The usability of a system can be measured by how long time it takes to perform a task and how well the task is performed [McLeod 1996 ]. These are objective measures of overt behavior. With regard to presence, the argument is that the higher the degree of presence the higher is the accomplishment of tasks by subjects. In this study task performance was measured by a single measure: the total time required for a two-person team to perform five tasks. 4.3.2 Perceived Task Performance. Perceived task performance was measured by a questionnaire using bipolar Likert-type seven-point scales. The questionnaire focused on the users' evaluation of their own task performance when using the system, how well they understood the system, and to what degree they felt that they learned how to use the system, as well as their skill level in using specific features in the system. The questionnaire considered the dimensions: performance in use of system, learnability, and use of specific functions. The questionnaire consisted of 14 questions. Some examples of questions measuring perceived task performance are shown in the top half of Figure 1 4.3.4 Perceived Virtual Presence. In this experimental study presencedefined as "feeling as if being in a mediated environment"-will be referred to as virtual presence. Virtual presence was measured using a questionnaire with Likert-type seven-point scales. Witmer and Singer [1998] describe the specific questions in great detail. The factors measured in the questionnaire are: control factors, sensory factors, distraction factors, and realism factors. The questionnaire consisted of 32 questions.
Subjects
Twenty-eight subjects participated in the experiment. Of these subjects, 14 were men, and 14 were women. The subjects performed the experiment in randomly assigned pairs. There were 14 pairs: each consisting of one woman and one man (Figure 2) . The subjects were students from Lund University in Sweden. The subjects were between 20 -31 years old, and the mean age was 23 years.
None of the subjects had prior experience with the collaborative desktop virtual interface used in this study. The subjects did not know each other before the experiment, and they did not meet face-to-face prior to the experiment.
The following questions consider how you perceived that you could handle the system that you used in this experiment. Please mark with an X the alternative that corresponds with your impression.
How do you think that you managed to do the tasks in the system? Not at all well |____|____|____|____|____|____|____| Very well How easy did you feel that it was to learn how to use the system?
Very difficult |____|____|____|____|____|____|____| Very easy
Was it hard to manipulate objects collaboratively?
Very problematic |____|____|____|____|____|____|____| Not at all problematic
The following pairs of words describe how you could have perceived the virtual communications environment. Please write an X below the number that corresponds to your impression.
I perceived it to be: (Figure 3) from SensAble Technologies Inc. of Boston, MA. It is primarily intended for adding 3D-touch to 3D-graphics programs, and the main users are in research and development. It is, among other things, used as a simulation platform for complex surgery tasks, VR research, and to enhance 3D CAD systems.
Three small DC motors provide the force feedback to the user, who holds a pen connected to the device (Figure 3) . The movements of the users hand (or rather, the tip of the pen) are tracked by high-resolution encoders, and are then translated to coordinates in 3D space. If the position coincides with the position of a virtual object, the user feels a resisting force that pushes the tip of the pen back to the surface of the virtual object. Thus, by moving the pen, the user can trace the outline of virtual objects and feel them haptically. This haptic process loop is carried out about 1000 times per second. The high frequency and the high resolution of the encoders enable a user to feel almost any shape very realistically with a device like the PHANToM [Massie 1996 ]. Concurrently, a process runs to display a graphic representation of the virtual objects on the screen. Two PHANToMs, placed in two different rooms linked to a single host computer, were used for the experiment. Both PHANToMs were identical in operation, but were of different models. One was attached to the table (the "A" model), and the other was attached hanging upside down (an older "T" model).
Two 21-inch computer screens were used to display the graphical information to the users, one for each user in the different locations. The screens, attached via a video splitter to the host computer, showed identical views of the virtual environment.
4.5.2
The 8QB (Eight-Cube) Program. The program used for the collaborative desktop virtual environment was built using the GHOST Software Development Toolkit. The haptic environment consists of a room with constraining walls, ceiling, and floor, containing eight dynamic cubes that initially are placed on the floor (Figure 4) .
The cubes are modeled to simulate simplified cubes with form, mass, damping, and surface friction, but lack, for example, the ability to rotate. The cubes are of four different colors (green, blue, yellow, and orange, two of each) to make them easily distinguishable, but are identical in dynamic behavior, form, and mass.
The cubes can be manipulated by either of the two users, or in collaboration. A single user may push the cubes around on the virtual floor, but since the users only have a one-point interaction with the cubes, there is no simple way to lift them. Lifting the cubes can be done in two different ways. 
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• Either the users collaborate in lifting the cubes (Figure 5) , or a single user lifts a cube by pressing it against the wall and pushing it upward.
The users are represented by spheres with a diameter of 12 mm. In the graphical version they are distinguishable by color (one is blue, the other green). To separate the haptic feeling of a cube from that of another person in the environment, a slight vibration was added. Furthermore, the users can hold on to each other-a feature originally implemented to enable the users to virtually "shake hands." Holding is simulated by pressing a switch on the PHANToM pen. When only one user presses the switch to hold on to the other person, the force that holds them together is quite weak, and the user who is not pressing his switch only needs to apply a small force to pull free. If both users press their switches the force is much stronger, but it is still possible for the users to pull free of each other without releasing the switch. The 8QB program was used on a single host computer, with two PHANToM devices and two screens attached to it. Therefore, the two users always had exactly the same view of the environment. The program exists in two different versions, one with haptic feedback and one without haptic feedback. In the program without haptic force feedback, the user can feel neither the cubes, nor the walls, nor the other user in the environment, and the users cannot hold on to each other. In that case, the PHANToM functions solely as a 3D mouse. 4.5.3 Audio Connection. Headsets (GN Netcom) provided audio communication via a telephone connection. The headsets had two earpieces and one microphone each. 4.5.4 Documentation. One video camera was used to record the interaction from one of the locations, and a tape recorder recorded the sound at the other location. The angle of video recording was from behind the subject and slightly from the side so that the computer screen and the hand with which the person was controlling the PHANToM was visible.
Procedure
The assistant and the experimenter went to meet the two subjects at different meeting-places and accompanied each subject to the laboratory. Each subject was seated in front of the interface and given further instructions about the nature of the experiment. The two subjects received the same instructions. The subjects were then asked to count down 3,2,1, together before turning the first page to start the session. The subjects performed five collaborative tasks in both conditions. When the subjects had filled out the questionnaires they were encouraged to ask questions about the experiment of the experimenter and the assistant respectively when they were still alone. They then met the other person, the experimenter, and the assistant in a joint debriefing.
Tasks
Each collaborating pair of subjects was presented with five tasks. The tasks (A-E) were presented in the same order to each subject. Before the real test started the subjects had the opportunity to establish contact with each other through the telephone connection. They also practiced the functions, lifting a cube together and holding on to each other. The instructions for tasks A-D were the same for both the visual/audio-only condition and the visual/audio/haptic condition. Task E was formulated slightly differently in the two cases, since the possibility of holding on to each other is only available with haptics.
Tasks A-C consisted of lifting and moving the cubes together in order to build one cube without an illustration (task A), two lines (task B, Figure 6 ), and two piles (task C, Figure 7) , out of the eight cubes. Task D required the subjects to explain one half of a whole pattern to the other subject, as each subject had only one half of an illustration each, and then build the whole pattern (Figures 8 -9 ). The instructions for task E were slightly different in the two conditions. In both conditions the task was to navigate together around the pattern that the subjects had built in task D ( Figure 10) .
As mentioned before, the subjects could hold on to each other by pressing a switch on the stylus in the condition with haptics. This option was not available in the condition without haptic feedback. In that case the subjects held on to each other symbolically by keeping their cursors connected. There was a time limit set for each task. All pairs of subjects managed to complete all tasks within the maximum time allowed.
RESULTS
The analysis of the data using ANOVA showed three significant differences between the three-dimensional visual/audio/haptic condition and the threedimensional visual/audio-only condition. The three significant results were task performance, perceived virtual presence, and perceived task performance. The dependent variable-perceived social presence-did not differentiate the conditions significantly when analyzed with ANOVA.
Task Performance
The first hypothesis was concerned with the extent to which haptic force feedback improved task performance. The results showed that task performance defined operationally as total task completion time differs significantly (p Ͻ 0.05) across the two conditions. The mean task completion time Supporting Presence in Collaborative Environments • was shortest for the three-dimensional visual/audio/haptic condition (M ϭ 1443 seconds, s ϭ 435) and longest for the three-dimensional visual/audioonly condition (M ϭ 2105 seconds, s ϭ 550) (Table I ). This means that subjects used about 24 minutes to perform five tasks in the haptic force 
Perceived Virtual Presence
One hypothesis posed was that haptic force feedback would increase perceived virtual presence. The total dimension-perceived virtual presence-measured by a questionnaire did differ significantly (p Ͻ 0.01) between the two conditions. The subjects mean rating of perceived virtual presence was significantly higher in the three-dimensional visual/audio/ haptic condition (M ϭ 174, s ϭ 17) than in the three-dimensional visual/ audio-only condition (M ϭ 142, s ϭ 17) (Table I) . As there were 32 questions, the mean value for each question on the seven-point Likert-type scale was 5.4 in the three-dimensional visual/audio/haptic condition and 4.4 in the three-dimensional visual/audio-only condition.
Perceived Task Performance
Another hypothesis that was investigated in this study is whether haptic force feedback increases subjects' perceived task performance. This dimension was measured by a questionnaire and the items were analyzed together as a total. The ratings of perceived task performance differed significantly (p Ͻ 0.01) across the two conditions. Subjects thus perceived their task performance to be higher in the three-dimensional visual/audio/ haptic condition (M ϭ 83, s ϭ 9) than in the three-dimensional visual/ audio-only condition (M ϭ 71, s ϭ 10) (Table I) . As there were 14 questions, the mean value for each question on the seven-point Likert-type scale is 5.9 in the three-dimensional visual/audio/haptic condition and 5.1 in the threedimensional visual/audio-only condition.
Perceived Social Presence
The hypothesis that haptic force feedback would increase subjects' perceived social presence was not verified. The dimension social presence measured by a questionnaire did not differ significantly across the conditions when the items were analyzed together as a total dimension. The (Table I) . This suggests that the subjects' perceived social presence was slightly higher in the haptic force feedback condition. As there were eight questions, the mean value for each question on the seven-point Likert-type scale is 5.3 in the three-dimensional visual/audio/haptic condition and 4.8 in the three-dimensional visual/audio-only condition.
DISCUSSION
This empirical study demonstrates that haptic force feedback gives added support to people performing collaborative tasks in a multimodal interface. When all other variables remained constant, haptic force feedback significantly improved task performance, increased perceived task performance, and increased perceived virtual presence. Both the objective measure of time to perform tasks and the subjective measure of perceived task performance improved in the condition with haptic force feedback. It is reassuring that the subjective and the objective measures show the same result. Subjects' perception of better task performance suggests that it was easier to manipulate and understand the interface when the interaction was supported by haptic force feedback. It was also easier to perform specific tasks like lifting cubes. The results showing shortened task completion time are consistent with the results in the Gupta et al. [1997] study where performance improved when subjects received haptic force feedback.
Furthermore, the results demonstrate that the subjects' perceived virtual presence in the collaborative virtual environment increased when haptic force feedback was provided. This means that the subjects to a higher degree felt as if they were present in the virtual environment when they received haptic information.
However, results also show that haptic force feedback did not improve the perceived social presence significantly as a total dimension in this study. This means that the haptic force feedback did not add as much social information as hypothesized. But the mean values indicate that the haptic force feedback condition was perceived to increase social presence slightly. An aspect that may explain this result is that the effect of the audio connection may have overshadowed the impact of haptic force feedback in the interaction concerning social presence. It would therefore be interesting to conduct an experiment without an audio connection in order to investigate this hypothesis.
It is interesting to find that social presence, i.e., feeling that one is present with another person at a remote location, and virtual presence, i.e., feeling as if present in a remote environment, did not both increase when supported by haptic force feedback in this study. This implies that social presence and virtual presence might be regarded as different aspects of interaction in a collaborative environment.
